Abstract. The effect of chemically modified Cissus populnea (C. populnea) fiber using sodium hydroxide (NaOH) and sodium lauryl sulphate (SLS) on mechanical, morphological and physical (density and water absorption behaviour) properties of C. populnea fiber/recycled HDPE composites was aimed to be investigated. The composites of unmodified and modified C. populnea fiber/HDPE were prepared using injection molding machine. The mechanical properties (tensile strength and modulus, flexural strength and modulus, hardness and impact strength), interfacial shear stress, density, water absorption behaviour and microstructural properties using scanning electron microscope (SEM) and fourier transform infrared (FTIR) spectroscope were characterized. The results shows that C. populnea fiber increased the mechanical properties of HDPE matrix with reduced impact strength of the composites. The NaOH and SLS treatments, respectively, improved the mechanical properties of C. populnea fiber/HDPE composites, although NaOH treated C. populnea fiber reduced the tensile modulus. The change in morphology and functional group, respectively, due to the modification was observed in SEM and FTIR. The density and water absorption of the composites, respectively, reduced when SLS modified C. populnea fiber was used compared to untreated C. populnea fiber/HDPE composites. The SLS treated C. populnea fiber prove to be superior for reinforcement, stiffness and light weight material.
Introduction
Polyethylene (PE) is the most widely used kind of synthetic thermoplastic polymers today because of its low cost and its easy processability. Researchers reported that its restriction on application attributed to poor mechanical properties such as tensile strength, tensile modulus and flexural strength [1] . Fibers are considered to be effective reinforcing materials for PE. Various kinds of fibers (natural-fiber, glass fiber, keratin feather fiber, metallic fibers) have been widely used to improve the mechanical properties of PE [1] [2] [3] [4] [5] . Natural fiber exhibits a high hydrophilicity due to interaction between the hydroxyl groups of fiber components and water molecules originated from non-crystalline region of the fiber [6] . This initiated poor interfacial adhesion and resistance to water absorption. Many surface modifications (such as acetylation, methylation, cyanoethylation/mercerization, benzoylation, permanganate treatment, acrylation, Cr2(SO4)3•12H2O, and CrSO4 and NaHCO3 etc) have been used to improve the mechanical properties of fiber, density and water absorption for effective use in composites applications [6] [7] [8] [9] . The effectiveness of various surface modifications depends on the types of fiber, composition, climatic conditions, source etc [7] . It has been reported that acetylation increased tensile and flexural properties with reduced impact strength of dolichopetalum fiber/HDPE composites [8] , as well as flax fiber/polypropylene composites [6, 8] . Carbonization also improved the mechanical properties of saw dust/HDPE composites [10] . Mercerization had been reported to be a good modification techniques and improved the water absorption, tensile, flexural, thermal properties with reduced impact strength and density through improved interfacial adhesion of natural fiber/HDPE composites [11] [12] [13] [14] [15] [16] , henequen fiber/HDPE composites [14] , palm kernel nut shell/HDPE composites [15] , hemp fiber/HDPE composites [16] . Although, sodium lauryl sulphate modification has been reported to be a better modification of banana and kenaf fiber/unsaturated polyester matrix composites for improvement of mechanical properties compared with NaOH treatment [17] but with no report on other natural fibers/HDPE composites. The objective of this work was to study the effect of chemically modified Cissus populnea fiber on the mechanical, microstructural (using SEM and FTIR) and physical properties of composites of recycled high density polyethylene (PE).
Materials and Methods

C. populnea Fiber Extraction and Modifications
C. populnea fiber was extracted by water retting technique from its plant obtained from Gbana, Oriire Local Government Area of Oyo state, Nigeria. Its proximate composition using gravimetric method described by Hänninen et al. [18] : moisture content (3.94 %), water soluble (2.33 %), ash (1.59 %), wax (2.94 %), pectin (1.14 %), lignin (11.52 %), hemicelluloses (14.74 %) and cellulose (61.8 %). C. populnea were chopped into short length of 10mm and modified at optimal modifications of NaOH (15 % for 20.94 mins) and sodium lauryl sulphate (SLS) (5.84% for 20.22 mins), washed with deionized water, then oven dried at 60 0 C for 2hours. Sodium hydroxide and sodium lauryl sulphate are analytical grade chemicals obtained from Rovert scientific limited, Benin city in Edo state, Nigeria. The aspect ratio of untreated, NaOH and SLS treated C. populnea fibers, respectively, was obtained to be 909.1, 961.5 and 1052.63.
Composite Preparation
The C. populnea fibers were mixed with waste HDPE of density and melting point of 0.9425g/cm 3 and 195 0 C. C. populnea fiber/HDPE matrix were processed by injection moulding machine at temperature range of 180 0 C -210 0 C. The developed CCD matrix of RSM using Design of Experiment (DoE) software version 6.0.8 (2002 East Hennepin Ave., Suite 480 Minneapolis, MN 55413, Stat-Ease, Inc.) for two factors (weight fraction of fiber and matrix) with six responses (tensile strength and modulus, flexural strength and modulus, hardness and impact strength) are presented in Table 1 -3. The fiber weight fraction of 1.4645, 2.5, 5, 7.5 and 8.5355%. The fiber weight fraction was determined by 100% conversion technique (ratio of weight fraction of fiber to summation of the mixed fibers and HDPE matrix, then multiply by 100%). The choice of using range of fiber weight fraction was based on preliminary experiment conducted so as to avoid difficulty in processing of the waste HDPE and fibers with the use of injection molding machine due to agglomeration and uneven distribution of fibers. The DoE with ANOVA was used to obtain and justify optimum responses at optimum composition (factors), observed interaction between the fibers and waste HDPE composites and avoid waste of materials. 
Mechanical Properties
Tensile test with 10kN load cell on a sample of 150mm x 25mm x 3mm with a gauge length of 100mm, 3-point flexural test on a 80mm (span) x 25mm (width) x 3mm (thickness) and unnotched impact properties on a 80mm (span) x 25mm (width) x 3mm (thickness) were determined on a rectangular shape of C. populnea fiber/HDPE laminates using tensometer machine Model: M500-25KN, OL11 1NR at a constant rate of 40 mm /min of moving grip. A standard Rockwell tester (model Testor HT 1a, Otto WolpertWerke) was used with steel indenter to measure the hardness of the test specimen according to ASTM E -18. Load of 150kgf was applied for each measurement on the specimen with parallel flat surfaces of the avail of the apparatus and minor load (15kgf) was applied by lowering the steel ball onto the surface of the specimen. The dial was adjusted to zero on the scale under minor load and the major load (150kgf) was immediately applied by releasing the trip lever. After 15 second the major load was removed and Rockwell hardness was recorded. Each mechanical test was conducted on five test specimens.
Microstructural Analysis
Scanning electron microscope analysis
High resolution scanning electron microscope (SEM) of ASPEX 3020 model was used to study the morphology of surfaces of the C. populnea fiber/HDPE at optimal conditions. The surfaces of the fiber was examined directly by scanning electron microscope (SEM) ASPEX 3020 model at 20 KeV and 5.0 x10 -5 torr. C. populnea fiber/HDPE composites sample was mounted on stubs with silver paste. To enhance the conductivity of the C. populnea fiber/HDPE composites, a thin film of platinum is vacuum-evaporated before the photomicrographs or spectrum were taken.
Fourier transform infrared (FTIR) analysis
4.0 g of C. populnea fiber/HDPE composites at optimal properties was crushed into pellets. A Buck Scientific M500 Infrared Spectrophotometer was used for the analysis. A total of 10 scans was taken for each fiber sample on KBr cell covering the range of wave number of 600 -4000 cm -1 with a resolution of 4cm -1 for 20 seconds. The crushed powder sample (0.1g) was mixed with dry KBr (0.4g) and transferred to sample compartment of the Buck Scientific M500 Infrared Spectrophotometer. The spectrophotometer was set at 100% transmittance with pure KBr pellet and the transmittance reading was obtained and stored.
Physical Properties
Density of C. populnea fiber/HDPE composites
C. populnea fiber/HDPE samples were selected and bound into a bundle and its mass measured on a digital weighing balance with resolution 0.001 g. The volume of this fixed mass of C. populnea fiber/HDPE composites. The density was calculated using Eq. (1):
where ρf is density of C. populnea fiber/HDPE composites measured in grams per cubic centimeters, is the C. populnea fiber/HDPE composites quantity immersed in deionized water in grams and is the volume water displaced by the composites.
Water absorption of C. populnea fiber/HDPE composites
The test was carried out in accordance with ASTM D -570. Prior to testing, the C. populnea fiber/HDPE composites were dried in an oven at 60 0 C for 24 hours. The C. populnea fiber/HDPE composites with a dimension of 30mm x 25mm x 3mm were then soaked in deionized water for 24 hours at room temperature. The fibers were removed, rid of surface water and immediately weighed. The process was continued until equilibrium was attained. The water absorption was determined by percentage mass gain using Eq. (2) as given by Isa et al. [19] , Singha and Rana [20] ; (2) where Mt is the mass of the sample after conditioning in grams (wet weight), Mo is the mass of the sample before conditioning in grams (dry weight).
Kinetics of water absorption and diffusion behaviours of composites
The water diffusion phenomenon was studied through water absorption method. The kinetics of water absorption and water diffusion coefficient Dc,, respectively, using power law expression (Eq. (3)) and Fickian diffusion model (Eq. (4)) were evaluated as reported by Gierszewska -Drużyńska and OstrowskaCzubenko [21] ;
where Mt, and Mm are the water content at specific time t and the equilibrium water content (EMC), k and n are constants as an intercept and slope of respectively of Mt/Mm versus t in the ln -ln plot of water absorption with time. Where
, Mm is the maximum percentage of water content, h is the fiber thickness, M1and M2 are percentage of water content at respective time t1 and t2 selected in the linear portion of the plot of water sorption (Mt) versus √ . S was evaluated as gradient plot of Mt against√ based on Eq. (4).
Fiber-Matrix Adhesion Test
The fiber pull-out method described by Herrera-Franco and Valadez-Gonzalez [14] was used to determine the interfacial shear strength between the fiber and HDPE matrix. One end of the fiber was embedded in the middle plane of a plate made from the resin. The fibers were first aligned on a plate and a second end one was used to complete the assembly. The samples were made using compression molding at a pressure of 1 ton. The force was applied by holding one end of the resin plate fixed and pulling from the free end of the fiber using tensometer machine Model: M500-25KN, OL11 1NR at a constant rate of 0.4 mm /min of moving grip, equipped with a 100 kg load cell, after conditioning at 25 0 C. The load and displacements were monitored continuously and upon fiber pull-out, the debonding load (P) was converted into an average interfacial shear strength (IFSS) using Eq. (5): (5) where d is the fiber diameter, L is the embedded length of the fiber.
Results and Discussion
Mechanical Properties
The mechanical properties of the waste HDPE used include: tensile strength (27.628MPa), tensile modulus (792.59MPa), flexural strength (34.519MPa), flexural modulus (1390.7MPa), hardness (24HR) and impact strength (0.9628J/mm 2 ). The CCD matrix of untreated, NaOH and SLS treated C. populnea fiber/HDPE composites with mechanical properties as responses are presented in Table 1 -3, respectively. For untreated and treated C. populnea fiber/HDPE composites, the ultimate mechanical properties were obtained at different composition. The variation in ultimate properties with composition may be misleading in composites application because of uncertainty in composition. This means that there is need to determine the optimum properties of C. populnea fiber/HDPE composites at optimum composition. The RSM with CCD design helps in obtain the optimum composition of C. populnea fiber/HDPE composites with optimum properties.
The response quadratic models using RSM with CCD of tensile strengths for untreated, NaOH and SLS treated C. populnea fiber/HDPE composites are presented in Eq. (6)- (8), respectively. ANOVA of the response model of tensile strengths are presented in Table 4 , it can be deduced that tensile strength models for untreated, NaOH and SLS treated C. populnea fiber/HDPE composites were significant since p < 0.05. The results of the experimental data for untreated, NaOH and SLS treated C. populnea fiber/HDPE composites, respectively, with R 2 of 0.8832, 0.9232 and 0.9928 explains 88.32, 92.32 and 99.28 % of the observed variability in tensile strength as a result of weight fraction of fiber and matrix. It can be deduced that 11.68, 7.68 and 0.72 % represent residue of untreated, NaOH and SLS C. populnea fiber/HDPE composites, respectively, which cannot be explained but may be due to nature, source, diameter of food gum C. populnea fiber and other factors that did not considered for composites production. The observed variability may be attributed to good intermolecular structure, interfacial adhesion bond between C. populnea fiber and HDPE matrix. Adj. R 2 indicates that the variables (weight fractions of fiber and HDPE matrix) were fit with tensile strength and closer to R 2 . Moreover, R 2 is judged by the adequacy precision > 4 for a model to be considered adequate. Thus, with adequacy precision of 9.7951, 32.8212 and 44.1510 indicated that the quadratic models for tensile strength of untreated, NaOH and SLS treated C. populnea fiber/HDPE composites, respectively, were adequate and may be used for design applications. The significance of model terms were judged based on the p < 0.05 of 95% confidence interval. The significant variables obtained for tensile strength of HDPE composites with C. populnea fiber: untreated ( , treated with NaOH ( ), and treated with SLS ( ) since p < 0.05. Note: D is the C. populnea fiber. Subscript NaOH and SLS are treatment.
From Table 5 , the ANOVA of the quadratic response model for tensile modulus of untreated, NaOH and SLS treated C. populnea fiber/HDPE composites, respectively, are presented in Eq. (9)-(11) and significant since p < 0.05.
The results of the experimental data for untreated, NaOH and SLS treated C. populnea fiber/HDPE composites, respectively, with R 2 of 0.9301, 0.9677 and 0.9210 explains 93.01, 96.77 and 92.03 % of the observed variability in tensile modulus as a result of weight fraction of C. populnea fiber and HDPE matrix. It can be deduced that 6.99, 3.23 and 7.97 % represent residue of untreated, NaOH and SLS C. populnea fiber/HDPE composites, respectively, which cannot be explained but may be due to source of fiber, diameter of food gum fiber and other factors that did not considered for composites production. The change in observed variability of properties may be attributed to improve in intermolecular structure, interfacial adhesion bond between C. populnea fiber and HDPE, and void formation in the composites. The closeness of R 2 and Adj. R 2 indicated that the variables (weight fractions of fiber and HDPE matrix) were fit with tensile modulus. With adequacy precision of 11.9374, 18.8348 and 13.0593 (adequacy precision > 4), respectively, the quadratic model are adequate for tensile modulus response model for untreated, NaOH and SLS C. populnea fiber/HDPE composites and may be used for design applications. The model terms obtained for tensile modulus of HDPE composites with C. populnea fiber: untreated ( , treated with NaOH ( ) and treated with SLS ( ) were significant since p < 0.05. This shows that the tensile modulus is a function of weight fraction of food gum fiber, quadratic of weight fraction of food gum fiber and /or interaction of weight fraction of food gum fiber and HDPE matrix.
The ANOVA of flexural strength and modulus response models for C. populnea fiber/HDPE composites are presented in Table 6 and 7, respectively. The Flexural strength and modulus response models, respectively, for untreated, NaOH and SLS treated C. populnea fiber/HDPE composites are represented by Eq. (12)- (14) and (15)- (17) were significantly fit and may be used to navigate design applications since p < 0.05 with high value of observed variability and adequacy precision > 4. (14)- (16)) for C. populnea fiber/HDPE composites were fit based on Table 7 . The model terms of tensile modulus of HDPE composites with C. populnea fiber: untreated ( treated with NaOH ( ) and treated with SLS ( ) were significant since p < 0.05. This reveals the stress transfer between C. populnea fiber and matrix content. The ANOVA for hardness response models of the composites are presented in Table 8 . More so, the hardness response models of untreated, NaOH and SLS treated C. populnea fiber/HDPE composites represented by Eq. (18)- (20), respectively, were significantly fit and may be used to navigate design applications since p < 0.05 with high value of coefficient of determination (R 2 ) and adequacy precision > 4. The model terms for hardness response models of HDPE composites with C. populnea fiber: untreated ( , treated with NaOH ( ) and SLS treated ( ) and EDTA ( ) were significant since p < 0.05. Based on the ANOVA presented in Table 9 , it can be observed that the impact strength response model of untreated, NaOH and SLS treated C. populnea fiber composites, respectively, represented by Eq. (21)- (23) were significant, adequate and may be used for design application since p < 0.05 and adequacy precision > 4. The model variables for impact strength of HDPE composites with C. populnea fiber: untreated ( , treated with NaOH ( ) and SLS treated ( ) were significant since p < 0.05. This indicated that impact strength is a quadratic function of weight fraction of fiber and matrix. This is in support with the report of researchers that varying the weight fraction of fiber and matrix to improve the hardness and impact strength of the composites, although the quadratic of model terms were not considered with the interaction between the weight fraction of fiber and matrix [20, 21] . Note: D is the C. populnea fiber. Subscript NaOH and SLS are treatment.
The significant of the model terms especially, interaction shows that the effect of fiber treatments on composites. The optimal properties of C. populnea fiber/HDPE composites are presented in Table 10 . It can be observed that untreated C. populnea fiber increased the tensile strength, tensile modulus, flexural strength, flexural modulus and hardness by 10.33, 5.88, 4.84, 0.98 and 2.17% of the HDPE matrix, respectively, with reduced impact strength by 84.27% of HDPE matrix. It can be observed that the model predicted values by RSM for mechanical properties are close to the experimental values based on the error generated. However, the choice of optimal values of mechanical properties for adequately fit model is based on high desirability as shown in Fig. 1 . This shows that the incorporation of C. populnea fiber may be used to reinforce HDPE matrix with increased stiffness and SLS treatment improved the tensile strength, tensile modulus, flexural modulus, hardness and impact strength, respectively by 3.18, 7.51, 0.046, 41.38, 16.13 and 91.97% of untreated C. populnea fiber/HDPE composites based on the experimental data. Although, NaOH treated C. populnea fiber reinforced HDPE matrix but reduced the tensile strength of the composites when compared with untreated C. populnea fiber. It can also be observed that NaOH treated C. populnea fiber/HDPE composites improved the flexural strength than SLS treated C. populnea fiber. It can be deduced that SLS treatment of C. populnea fiber seems to be favourable than NaOH treatment for improving mechanical properties of the C. populnea fiber/HDPE composites. Moreover, Table 11 reveals the change in interfacial shear strength IFSS of HDPE composites with untreated and treated C. populnea fiber. It can be observed that composites formed with NaOH and SLS treated C. populnea fiber increased the IFSS may be due to removal of amorphous constituents, hence reduced the diameter of the fiber, although composites formed with SLS treatment gave highest IFSS. This indicated that superior mechanical properties of SLS treated C. populnea fiber/HDPE composites may be attributed to improved IFSS between the fibers and HDPE matrix. Hence increased the interfacial adhesion region between fibers with polymer matrix in the composites, thereby, increases the compatibility of the fiber -polymer matrix. This is in agreement with the report of Herrera-Franco & Valadez-Gonza ´lez, 2005). Figure 1 shows the morphology of C. populnea fiber/HDPE composites at fracture surface of tensile test. It reveals the uniform void formation in HDPE matrix. From Fig. 1(b) , uneven distribution of the C. populnea fiber with pullout and C. populnea fiber debondings caused by poor interface adhesion between fibers and HDPE matrix was observed. This influenced the mechanical properties of the composites due to poor interaction between the fiber surface and HDPE matrix. However, better distribution of NaOH and SLS treated C. populnea fiber and fiber tearing with small void formation were observed in Figs. 1(c) and (d) , respectively, compared with Fig. 1(b) . The fiber tearing indicated improvement in interfacial adhesion between the C. populnea fiber and HDPE matrix caused by NaOH and SLS treatment. The failure of the composites by fiber tearing at the fracture surface indicated that fibers are not pulled out directly from the matrix and fibers are compatible with the matrix. Table 12 , it can be observed that the density of untreated C. populnea fiber/HDPE composites lower than the density of HDPE matrix by 0.65%. This makes the C. populnea fiber/HDPE composites to be lighter than matrix. At optimum treatment conditions of C. populnea fiber with SLS, the density of C. populnea fiber/HDPE composites reduced by 1.1 % of untreated C. populnea fiber/HDPE composites which may be attributed to reduction in lignin, hemicellulose and other impurities as reported by Thiruchitrambalam [24] . NaOH treated C. populnea fiber /HDPE composites is higher by 10.2 % of untreated C. populnea fiber HDPE composites which may be due to substitution of sodium ion (Na + ) with (H + ) of the hydroxyl ions. This is in agreement with the report of Salim & Sorya [25] .
Microstructural Analysis
SEM analysis
Water absorption
The raw data for water absorption of C. populnea fiber/HDPE composites with increased time are presented in Fig. 3 . It can be observed that the maximum water absorption or saturation point of HDPE matrix, untreated, NaOH and SLS treated C. populnea fiber/HDPE composites, respectively, obtained with a value of 0.813, 3.659, 1.507 and 2.033 % at 30, 100, 60 and 80 mins. It can be deduced that fiber increased the maximum water absorption or saturation of the matrix, while NaOH and SLS treatment, respectively, reduced the absorption time of the composites. The water absorption of C. populnea fiber/HDPE composites is higher than HDPE matrix due to hydrophilic nature of the fibers. It can be observed that the modification of C. populnea fiber using NaOH and SLS, respectively, reduced the water absorption of C. populnea fiber/HDPE composites by 58.82 and 44.45% of C. populnea fiber/HDPE composites at saturation point which indicated good water resistance. Figure 4 reveals the kinetics of water absorption of C. populnea fiber/HDPE composites. It can be deduced that water diffusion behaviour of HDPE matrix is less Fickian since n < 0.5, which indicated that the water penetration rate is much below the polymer relaxation rate. The untreated C. populnea fiber/HDPE composites is non -Fickian diffusion behaviour since 0.5 < n < 1. This is anomalous condition because water diffusion rate is comparable with polymer relaxation rate due to hydrophilic nature of fibers. Treatment of C. populnea fiber with NaOH and SLS, respectively, reduced the water absorption behaviour of C. populnea fiber/HDPE composites to less Fickian since n < 0.5. This implies that NaOH and SLS treatment improved hydrophobicity of the C. populnea fiber/HDPE composites. The water absorption rate constant (k) for HDPE, untreated, NaOH and SLS treated C. populnea fiber/HDPE composites are presented in Table 12 . It can be observed that the value of k for untreated C. populnea fiber/HDPE composites is higher than HDPE matrix but reduced when treated with NaOH and SLS. The reduction in value of k may be attributed to shrinkage in fiber, dispersion, hemicellulose and lignin content. The value of R 2 for HDPE, untreated, NaOH and SLS treated C. populnea fiber/HDPE composites, respectively are 0.6645, 0.7497, 0.9222 and 0.9273 which explains 66.45, 74.97, 92.22 and 92.73 % of observed variability in the water absorption with time. Table 12 also presented the value of S obtained from Fig. 5 . It can be observed that the water diffusion coefficient of untreated C. populnea fiber/HDPE composites higher than HDPE matrix but reduced when NaOH and SLS treated C. populnea fiber, respectively, was used for composites. This reduction in diffusion coefficient using NaOH and SLS treatment of C. populnea fiber may be due to reduction in pores formation. Fig. 4 . Evaluation of water diffusion parameters n and k for C. populnea fiber/HDPE composites at room temperature. 
Conclusion
The present study has shown that recycled HDPE composites using C. populnea fiber can be produced with improved properties such as tensile strength, high stiffness, flexural strength, flexural modulus, density and water absorption properties. The following conclusions could be drawn from the results of the present study:
(1) The reinforcement, stiffness, flexural strength, flexural modulus and hardness of C. populnea fiber/HDPE composite improved with SLS treated fiber and superior over NaOH treated fiber. NaOH C. populnea fiber may not be used for reinforced HDPE in composites application but better for bending design applications with high flexural and impact strengths. (2) The superiority of SLS treatment for improvement in mechanical properties of fiber may be attributed to the increased interfacial adhesion as observed in SEM micrographs and FTIR spectra. (3) By lowering overall weight of the composites, the use of C. populnea fiber may reduce domestic vehicle fuel consumption. In addition to removal of impurities, SLS treatment for C. populnea fiber surface modification has been shown to provide good HDPE matrix interfacial adhesion, hence provide good compatibility between C. populnea fiber and HDPE. (4) The water absorption at saturation of the matrix increased markedly by C. populnea fiber in the composites. NaOH and SLS treatment, respectively, reduced the water absorption and controlled by water penetration rate. NaOH treated C. populnea fiber/HDPE composites showed better water absorption compared to SLS treated C. populnea fiber/HDPE composites and untreated C. populnea fiber/HDPE composites.
